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cylinder (7, 8) . The flagellar filaments form flat ribbons wrapping around the peptidoglycan layer in a right-handed helix (9) . The flagellar assemblies of B. burgdorferi and other spirochetes have an overall structure and protein composition similar to those found in other bacteria (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . However, certain differences exist in the PFs of spirochetes, including the presence of (i) a unique periplasmic collar structure associated with the rotor, (ii) multiple homologous flagellar filament proteins (FlaB) in Treponema, Leptospira, Serpulina, and Spirochaeta species, and (iii) a flagellar sheath protein (FlaA) (8, 16) . The PFs are essential for the flat wave morphology, unique motility, and infectivity of B. burgdorferi (7, 8, (20) (21) (22) (23) (24) .
The bacterial flagellum is composed of at least 30 proteins and consists of three major parts: the basal body, the hook, and the filament; the basal body, which constitutes the rotary motor, is further subdivided into the rotor (including the MS ring, rod, C ring, P ring, and L ring) and the stator (17, 18, 25) . Many of the flagellar structural proteins (including those comprising the rod, hook, and filament) are exported across the cytoplasmic membrane by the flagellar protein export apparatus, also called the flagellar type III secretion system (fT3SS) family (26) (27) (28) . Virulence-associated members of type III secretion family (vT3SS) produced by certain Gram-negative bacteria are specialized for the transfer of effector proteins into host cells (29) .
In Salmonella enterica serovar Typhimurium and Escherichia coli, the fT3SS is comprised of six membrane-embedded proteins (FlhA, FlhB, FliO, FliP, FliQ, and FliR) and three soluble cytoplasmic proteins (FlIH, FliI, and FliJ) (17, 18, 25, 30) ; this assembly was the subject of a recent comprehensive review by Minamino (26) . The integral membrane proteins form a proton-driven export gate within the central pore of the MS ring (28, 31) and the soluble components form a complex to bind and deliver export substrates to the export gate (28, 31, 32) . The exported flagellar proteins are synthesized in the cytoplasm and then escorted and delivered to the export gate by a complex formed by ATPase FliI and its negative regulator FliH with the help of the flagellumspecific chaperone FliJ (18, 33, 34) . FliI is a member of the Walkertype ATPase family (35) and is similar in sequence and structure to ␣ and ␤ subunits of F o F 1 -ATP synthase (36) (37) (38) (39) . It selfassembles into a ring-shaped hexamer in the cytoplasm to exert its ATPase activity (40) . The FliI ATPase is required for efficient flagellar protein export (33, 34, 36, 39) , although defective flagellar assembly in ⌬fliHI Salmonella Typhimurium mutants can be partially overcome by increasing the proton motive force (PMF) (41) . FliI interacts with FliH and FliJ, and its ATPase activity is suppressed by FliH (18, 37, (42) (43) (44) (45) . FliH promotes the docking of FliI onto the platform (45) . Several residues of Salmonella Typhimurium FliH are required for interaction with FliI (residues 100 to 235), FliH dimerization (residues 101 to 141), and binding to the enterobacterial flagellar chaperone FliJ N-terminal residues (46) . In addition, residues 60 to 100 of FliH appear important for inhibition of FliI ATPase activity. FliJ has several activities, including promotion of FliI hexamer ring formation and efficient flagellar protein export (28, 42, 47) , interaction with export substrates, prevention of their premature aggregation in the cytoplasm (48) , and facilitation of export substrate delivery to the export gate by binding to the linker region of the C-terminal cytoplasmic domain of FlhA (FlhAc) (47) (48) (49) . Additional chaperone proteins, such as FliT and FlgN, are also involved in this process (50, 51) . The export gate complex utilizes PMF to translocate the flagellar proteins across the cytoplasmic membrane through a port in the nascent flagellar motor (28, 31) . ATP is utilized in the dissociation of the FliH-FliI-FliJ complex and unfolding of substrates (18) . The substrate specificity of the export apparatus is well regulated by a highly ordered flagellar assembly process in the cell exterior (18) .
Relatively little is known about the structure and function of the flagellar export apparatus of B. burgdorferi and other spirochetes. As part of an overall goal to dissect the mechanisms of Borrelia chemotaxis and motility and their relationship to pathogenesis, we selected fliH and fliI transposon mutants from a sequence-defined transposon library (22) for further study. The effects of mutation of fliH and fliI on the morphology, motility, swimming ability, growth and cell division, flagellar motor structure, and infectivity were determined. Genetic complementation of fliH and fliI mutants was performed to confirm the phenotypes. Additional information regarding the B. burgdorferi flagellar protein export apparatus and its role in the biology of the organism was revealed. The results were compared to those in a recent study by Guyard et al. (23) , in which the effects of a spontaneous 142-bp deletion in fliH of the relapsing fever organism Borrelia hermsii were analyzed.
RESULTS
Initial characterization and complementation of fliH and fliI mutants. To investigate the structure and function of the B. burgdorferi flagellar type III secretion system and its role in assembly of flagella and pathogenesis of Lyme disease spirochetes, we constructed fliH and fliI transposon mutants in the infectious B. burgdorferi strain 5A18NP1 using a signature-tagged mutagenesis (STM) system (Table 1) . For simplicity, 5A18NP1, the fliH mutant T05TC243, and the fliI mutant T10TC091 will be referred to as the wild-type (WT), fliH::Tn, and fliI::Tn strains, respectively, in this article. The fliH mutant was characterized using reverse transcriptase PCR (RT-PCR), and transposon insertions did not exhibit an obvious polar effect on expression of downstream genes fliI and fliJ (see Fig. S1 in the supplemental material); the high fliI transcript levels in the complemented mutant are discussed in a subsequent section. Both fliH::Tn and fliI::Tn mutants have an elongated, rod-shaped or string-like morphology and exhibit reduced, sporadic motion close to the ends of the organisms ( Fig. 1 ; see Movies S2 to S5 in the supplemental material). In early log phase, B. burgdorferi fliH and fliI mutants showed a rod-shaped morphology with curvature near the cell ends and in the middle of cells at incomplete division points ( Fig. 1C and E ; see also Movies S2 and S4). In late log phase, the fliH::Tn and fliI::Tn strains exhibited a more elongated, filamentous morphology ( Fig. 1D and F; see Movies S3 and S5). Cryo-electron tomography (cryo-ET) (Fig. 2) revealed that incomplete division points were common and consisted of regions where the cytoplasmic membranes of daughter cells had divided and flagellar motors formed but the outer membrane had not divided. In some cases, the peptidoglycan layer appeared to form around the ends of the cytoplasmic cylinders, but the interconnected daughter cells were separated by a bolus of amorphous material of unknown composition. The microscopy results indicate that spirochetal motility facilitates the separation of daughter cells, and the incomplete flagellar biosynthesis and defective motility of the fliH and fliI mutants result in incomplete cell separation.
As expected, the defect in cell division in these mutants resulted in delayed increases in cell numbers (see Fig. S2 ). The mean generation times or doubling times for the WT and the fliH and fliI mutant cells were 8.05, 10.21, and 9.58 h, respectively. Remarkably, vigorous vortexing for 30 s resulted in separation of many of the longer cells with incomplete division points, yielding a higher proportion of cells with lengths in the WT range. The cells remained motile afterward, indicating that viability was maintained through this process.
To confirm the correlation of observed phenotypes of fliH and fliI mutants with the gene disruptions, we performed genetic complementation in trans using the shuttle vector pKFSS1 (52) . Three constructs were utilized, including fliH alone, fliI alone, and fliHI together in their native configuration; in each case, the promoter for the flaB flagellar filament gene was used to drive transcription. These constructs are referred to as pfliH, pfliI, and pfliHI in this article. In trans complementation of fliH::Tn (with fliH or fliHI constructs) or fliI::Tn (with fliI or fliHI) strains restored the spiral appearance and characteristic motility of the organisms ( Fig. 3 ; see also Movie S2 in the supplemental material). Quantitative RT-PCR (qRT-PCR) results (see Fig. S1 ) indicated that complementation with pfliHI resulted in an fliI transcript level~10-fold higher than the WT level, most likely because of the use of the strong flaB promoter in the complementation constructs. fliH transcript levels were not tested but are expected to be similar.
Dark-field microscopy combined with video analysis of the WT parental clone, fliH and fliI mutants, and complemented fliH and fliI mutants was performed in Barbour-Stoenner-Kelly II (BSKII) medium with and without the viscosity agent methylcellulose to examine motility in greater detail. As expected, WT B. burgdorferi cells in BSKII medium ran, flexed, and reversed (see Movie S1) and exhibited increased translational motion in the presence of 1% methylcellulose. However, the fliH and fliI mutants exhibited sporadic, uncoordinated movement near the cell ends and near apparent incomplete division points (see Movies S2 and S4) and had substantially less swimming ability in 1% methylcellulose compared to WT cells. In late log phase, the cells became highly elongated and exhibited only slight movement at the ends (see Movies S3 and S5). Genetic complementation of fliH and fliI mutants in trans with either single gene or fliHI constructs restored wild-type motility and swimming ability in both BSKII medium and BSKII medium containing 1% methylcellulose (Table 1; see also Movie S2).
Behavior of mutants and complemented mutants in swarm plate assay. Swarm plate assays were performed to compare the ability of WT organisms, fliH and fliI mutants, and complemented mutants to translocate in low-percentage agarose matrices. Whereas the visible "halo" of the parental clone 5A18NP1 had a diameter of~12 mm in 0.25% agarose at 5 days, the fliH and fliI mutants migrated only a short distance from the inoculation well (Fig. 4A) . Complementation of the fliH::Tn mutant with fliHI in trans resulted in a swarm diameter comparable to that of the 5A18NP1 parent in 0.25% agarose (Fig. 4B ). In the presence of a relatively dense 0.34% agarose matrix, the migration diameter of the WT parent was reduced from 12.3 mm to 7.0 mm ( Fig. 4C and  D) . In addition, the swarm diameter of the complemented mutant was significantly smaller than that of the parent strain in the presence of 0.34% agarose (P Ͻ 0.003). These results indicate that the ability of the complemented mutant to translocate in agarose matrices is not restored completely in the complemented mutant.
Effects of fliH or fliI mutation on flagellar motor and filament structure. The molecular architecture of the flagellar motor in the fliH and fliI mutants and their complemented derivatives were determined by cryo-ET and subvolume averaging. The motor subvolumes (n ϭ 277 to 590 for each genotype) were extracted from a total of 303 tomograms of fliH and fliI mutants and complemented mutants (see Table S1 in the supplemental material) and then used to generate three-dimensional (3D) flagellar motor structures at a resolution of~4 nm; these were compared to the previously determined WT flagellar motor structure (12) . Cryo-ET results indicated that profound differences were present in the secretory apparatus of the flagellar motor of the fliH and fliI mutants in comparison to the parental clone and complemented mutants ( (Fig. 5E , K, and H) resulted in restoration of the density attributed to the FliH-FliI complex. Thus, the assembly of this complex is dependent upon the presence of both components. In addition to the observed loss of the FliH/FliI-associated densities in the fliH and fliI mutants, both mutants exhibited~25% fewer flagellar motors per cell end and also had shorter flagella ( Fig. 6 ) than the WT cells. The number of motors was restored to near WT levels in the complemented mutants (Fig. 6I) . We also noted that the flagella in the mutant strains tended to be shorter than in the WT. To further assess this phenomenon, high-dose cryo-electron micrographs were taken along the length of cells from fliH and fliI mutants, complemented mutants, and the parental clone 5A18NP1. Examples of cryo-electron microscopy (cryo-EM) images of WT and fliI mutant cells are provided in Fig. 6A to H. As observed previously, the parental clone exhibited flagellar ribbons with~8 full-length flagella that extended through the tip and subcentral and central regions of the cells (Fig. 5, 6 ). In contrast, the fliH, fliI, and complemented mutants all exhibited short flagella that were Ͻ1 m long (ranging from 12% to 23% of the total number of flagella); no truncated flagella were observed in the 13 WT cells examined. In addition, the lengths of nearly all of the flagellar filaments were shortened in fliH and fliI mutants, as indicated by the histograms in Infectivity studies. Previously reported STM studies provided the first indication that FliH and FliI are critical for infection of the immunocompetent C3H/HeN mice (22) . To confirm the STM results, groups of six C3H/HeN mice were inoculated subcutaneously with 10 5 cells of the parental 5A18NP1 clone, the fliH mutant, or the fliI mutant. Blood specimens were collected at day 7 postinoculation, and three mice from each group were sacrificed at days 14 and 28 postinoculation, and skin, tibiotarsal joint, heart, and urinary bladder were collected for culture of spirochetes. None of the cultures from mice inoculated with fliH or fliI mutants yielded B. burgdorferi, whereas all cultures from mice inoculated with the parental strain 5A18NP1 were positive. Genetic complementation of fliH and fliI mutants in trans did not restore infectivity, most likely due to the incomplete complementation of flagellar filament assembly and motility in dense matrices in these mutants, as described above. 
DISCUSSION
Disruption of either fliH or fliI had profound effects on B. burgdorferi cellular morphology, motility, flagellar motor and filament structure, and cell division. At the ultrastructural level, cryo-ET revealed that inactivation of either fliH or fliI resulted in the loss of densities associated with both protein products, indicating that the presence of both proteins is required for the stable formation of an FliH-FliI complex at the cytoplasmic apex of the secretion apparatus. Surprisingly, the absence of either FliH or FliI did not prevent assembly of the remainder of the flagellar motor, although the number of motors did decrease from the WT level of approximately 8 to about 6 per cell pole. Flagellar filaments were also present on most motors, although with decreased lengths; the filaments appeared to be truncated at the hook level in approximately 10% of the motors. In other bacteria, the ATPase FliI facilitates the delivery of export substrates to the secretory apparatus, while FliH is involved in the positioning of FliI near the export channel (33, 44, 46, 53) . Our results indicate that, in B. burgdorferi, FliH and FliI are not required for uptake of protein substrates by the export apparatus; thus, their absence does not prevent the formation of flagellar motors and filaments. However, export of the FlaB filament protein is much less efficient, resulting in shorter filaments. These results are comparable to those obtained by Erhardt et al. with Salmonella Typhimurium (41) . In their studies, flagellar filament assembly and swimming motility were minimal in fliH and fliI mutants but could be increased by mutations or culture conditions that increased either flagellar protein expression or the PMF, thereby raising the substrate levels or the available energy gradient for export. It is possible that the export system by itself can transport the proteins at a low rate, or that other chaperone systems may facilitate this process. Nevertheless, the decreased efficiency of substrate delivery in B. burgdorferi mutants results in defective motility and a crippled organism that does not divide efficiently.
Studies in other organisms have firmly established that the ATPase FliI forms a hexameric ring and associates with both FliH dimers and FliJ to form the ATPase complex in the cytoplasm near the export apparatus (33, 44, 46, 53) . Furthermore, FliH interacts with C ring protein FliN (54, 55) . In some models, the ATPase complex has two alternative associations with the flagellar motor, one with the C ring and the other in close proximity to the export apparatus (54, 55) . Our cryo-ET analyses of B. burgdorferi indicate that FliH and FliI form a stable complex directly below the export apparatus (Fig. 5 ). The fliH::Tn and fliI::Tn mutants lack a discernible density in this region, consistent with a requirement that both proteins must be present in order for a stable association to occur. In a companion article on the export apparatus (J. Tu, X. ® gellar motor revealed that elongated, propeller-shaped densities extend from the central FliI hexamer to the C ring. Our current model is that six FliH dimers form a scaffold that tethers FliI in its central location and that this structure is further stabilized by the interaction of FliJ with both FliI and FlhA (42, 49) .
The qualitative decrease in flagellar function in fliH and fliI mutants was manifested in several ways, including a weakened motility and altered morphology. By dark-field microscopy, helical morphology was observed near the ends of the spirochetes. However, the organisms exhibited straight regions toward the middle of the cells, particularly in the elongated forms. This result is consistent with the cryo-EM observation that flagella, although present in the fliH and fliI mutants, were shortened and found in reduced numbers. Absence of periplasmic flagella in B. burgdorferi mutants of the flagellar filament protein gene flaB results in straight, elongated organisms (7, 8, (20) (21) (22) (23) (24) , indicating that the flagella (which themselves have an inherent helical shape) are required for the spiral shape of WT cells. Thus, the reduced numbers of flagella near the middle of the fliH and fliI mutants apparently are unable to exert sufficient force to induce curvature of the cytoplasmic cylinder, suggesting a quantitative effect. The reduced flagellar length and number are also related to the altered motility, in which the ends of the cells in the mutants move sporadically, and greatly elongated cells exhibit little observable motility. Swarm plate analyses indicated that the reduced number and length of flagella, as well as the lengthening of the cells, render the cells unable to migrate effectively through agarose.
The elongated fliH and fliI mutants also exhibited many incomplete division points (Fig. 2) . These regions were characteristically angular, flexible isthmi that often exhibit helical structure and motility, consistent with the presence of flagellar motors and filaments. Indeed, such incomplete division points are commonly observed in WT spirochetes that are about to divide. Although not discussed in detail in prior publications, micrographs of flaB mutants exhibit the same angular isthmi, but without the curvature conveyed (in Borrelia species) by the flagella (20, 23) . Thus, the robust motility observed in WT spirochetes appears to play an important role in the final separation of spirochetal cells, so that defects in motility result in the elongated structures seen in Fig. 1 . It is likely that the cytoplasmic membrane (and perhaps the peptidoglycan layer) of neighboring daughter cells has separated, while the outer membrane remained intact. Vortexing was sufficient to separate at least some of these strings of cells during the early stage of growth, and presumably the sheared outer membrane at the end is able to coalesce around the end of the cell, maintaining cell viability. In future studies, we will examine this phenomenon in greater detail.
Although fliH and fliI mutants continued to assemble flagellar motors and filaments (albeit in reduced numbers and length), infectivity of the organisms in mice was completely abolished. Motility appears to be absolutely required for B. burgdorferi infectivity (22, 24, 56) , so it is likely that the reduced motility observed in these mutants is sufficient to prevent effective movement through tissue and thus cripple both dissemination and the evasion of accumulating phagocytes. Incomplete cell division may also contribute, although the relatively viscous tissue environment may provide enough resistance to at least partially alleviate this defect. It is of interest that fliH and fliI mutants are able to survive in the relatively quiescent environment of the tick midgut (22) .
Complementation of the mutants in trans using vectors expressing either the cognate gene or fliHI together was sufficient to restore WT morphology and cell division (Fig. 3) , flagellar motor structure (Fig. 5) , and the number of motors per cell end (Fig. 6) ; it also promoted swimming ability in the relatively low agarose concentration of 0.25%. However, the complemented mutants still had shortened flagella, reduced migration in 0.34% agarose (Fig. 4C) , and a lack of mouse infectivity. While polar effects of transposon insertion are always a concern, this (see Fig. S1 in the supplemental material) and prior studies (57) indicate that the Himar1-based transposon used in these studies does not markedly reduce the transcript levels in downstream genes. Furthermore, the fliH and fliI mutants exhibited apparently normal assembly of the flagellar motor except for the export apparatus. For example, the C ring, comprised in part by the products of downstream genes fliM and fliN, is intact in the averaged reconstructions of the fliH and fliI motors. An alternative explanation is that in trans expression results in the translation of the protein products from a different polysome, which may alter the dynamics of assembly of gene products that are typically synthesized in the same cellular microenvironment. In addition, the expression level of the complementing gene from the nonnative flaB promoter was roughly 10-fold higher than in WT cells (see Fig. S1 ), which may interfere with proper assembly. Complementation of the fliI mutant was less effective than that in the fliH mutant in terms of the length of the flagella (Fig. 6) . One could speculate that a nearly full-length protein product could be produced by the fliI::Tn mutant T10TC091 (insertion ratio, 0.79) and may interfere with flagellar assembly. Lack of effective complementation in trans, particularly with regard to infectivity, has been observed with other B. burgdorferi genes (57-59) and continues to be an issue in genetic studies of this organism.
Guyard et al. (23) recently reported a study in which a B. hermsii clone with a spontaneous 142-bp deletion in fliH was thoroughly characterized. The results that they obtained were similar to our findings with the B. burgdorferi fliH and fliI mutants, with some differences. The B. hermsii fliH mutant cells were nonmotile and straight, and no flagella were detected in 48% of cells by negative-stain EM or cryo-ET; the numbers of flagella were reduced in all mutant cells in comparison to WT cells. The number and structure of the flagellar motors were not examined in the B. hermsii study. Cell elongation and the appearance of incomplete division points were not mentioned, although evidence of the latter is apparent in Fig. 5 of the Guyard et al. article (23) . Complementation resulted in restoration of infectivity in the B. hermsii study (23) , although a similar shuttle vector was employed. In contrast, the B. burgdorferi fliH and fliI mutants always contained some flagella and exhibited weak motility and cell curvature near the ends and at incomplete division points. Elongated cells were also routinely observed. In both systems, reduction in FlaB concentration was observed in mutant cells, which Guyard et al. (23) attributed to posttranslational effects, because the lack of a significant difference in flaB transcript levels. Overall, relatively minor differences were obtained in the B. hermsii and B. burgdorferi studies; these discrepancies may be due to the type of mutation, the methodologies employed, or true biological differences in the effects of fliH mutation in the two Borrelia species.
In conclusion, both FliH and FliI were required for the assembly of the proposed FliH-FliI complex in B. burgdorferi, and the absence of this complex reduced, but did not eliminate, the effective production of flagellar filaments in this organism. The formation of intact flagellar motors, hooks, and shortened flagella indicated that the FliH-FliI complex is not absolutely required for transport of rod, hook, and filament proteins by the export apparatus in this organism. However, the reduction in flagellar assembly had profound effects on spirochete motility, swimming ability in agarose matrices, morphology, cell division, and infectivity, further emphasizing the critical importance of motility in the natural infection cycle of this bacterium.
MATERIALS AND METHODS
Ethics statement. All procedures involving mice conducted at the University of Texas Health Science Center at Houston were reviewed and approved by the institutions' Animal Welfare Committee. This study was conducted in accordance with all applicable federal, state, and institutional guidelines regulating research with animals, including the PHS Policy on Humane Care and Use of Laboratory Animals, the Guide for the Care and Use of Laboratory Animals (60) , and the United States Government Principles for the Utilization and Care of Vertebrate Animals Used in Testing, Research, and Training.
Bacterial strains and growth media. The B. burgdorferi strains used in this study were the B. burgdorferi B31 derivative 5A18NP1, its fliH and fliI mutants, and their complemented clones ( Table 1 ). The infectious, moderately transformable clone 5A18NP1 was used for generation of fliH and fliI mutants. 5A18NP1 is a genetically engineered clone in which plasmids lp28-4 and lp56 are missing and bbe02, encoding a putative restriction-modification enzyme, has been disrupted (61) . The fliH mutant T05TC243 and the fliI mutant T10TC009 were obtained by random, signature-tagged transposon mutagenesis using the Himar1-based suicide vectors pGKT-STM5 and pGKT-STM10, respectively, as described previously (22) . The mutants and their complemented clones had undergone no more than three subcultures since clone isolation prior to infectivity ® studies and in vitro phenotype characterization. The B. burgdorferi strains were grown in Barbour-Stoenner-Kelly II (BSKII) medium supplemented with 6% (vol/vol) rabbit serum and appropriate antibiotics or on semisolid agar plates at 34°C in 3% CO 2 , as described previously (62, 63) . 5A18NP1 was cultured in medium containing 200 g/ml kanamycin, and the transposon mutants were cultured in the presence of both kanamycin and 40 g/ml gentamicin. Additionally, streptomycin (50 g/ml) was included in complemented transposon mutant cultures (see below). The plasmid content of each B. burgdorferi clone was determined using a Luminex-based procedure (64) . E. coli TOP10, a DH5␣-derived strain obtained from the Invitrogen Corporation (Carlsbad, CA), was used for the preparation of plasmids for complementation of fliH and fliI mutants.
Genetic complementation of the fliH and fliI mutants. The complementation shuttle vectors were constructed by inserting constitutive expression constructs pflaB::fliH, pflaB::fliI, and pflaB::fliHI into the shuttle vector pKFSS1 (52) . Briefly, the flaB promoter (PflaB), the genes fliH and fliI, and the contiguous fliHI gene cluster were amplified by PCR using primers with engineered restriction sites (see Table S2 ) and were cloned into the PCR2.1 vector (Life Technologies, Grand Island, NY). PflaB was first subcloned into pKFSS1 at the SacI and KpnI sites, and then the fliH, fliI, and fliHI genes were fused to the 3= end of flaB promoter at the KpnI site and PstI site, resulting in the complementation plasmids pfliH, pfliI, and pfliHI. The resultant constructs were confirmed by PCR, restriction patterns, and sequencing of PCR products. The fliH mutant T05TC243 and fliI mutant T10TC009 were transcomplemented by transforming the shuttle vectors pfliH and pfliHI into the fliH mutant and the shuttle vectors pfliI and pfliHI into the fliI mutant. As controls, parental clone 5A18NP1 was transformed with pKFSS1, pfliH, pfliI, and pfliHI. The fliH mutant T05TC243 and fliI mutant T10TC009 were also transformed with empty vector pKFSS1. Electroporation of B. burgdorferi was performed as described previously (22) . All the transformants were confirmed by PCR and sequencing. The clones selected for further study are listed in Table 1 .
Morphology, motility, and swimming ability studies. The morphology, motility, and swimming ability of fliH and fliI mutants, complemented clones, and the parental strain 5A18NP1 were determined in BSKII medium in the presence and absence of 1% methylcellulose under dark-field microscopy examination. Digitized photos and videos were obtained using a Nikon Eclipse microscope (Nikon, Tokyo, Japan) with Cytoviva X-cite 120 dark-field illumination (Cytoviva, Auburn, AL), a CoolSNAP HQ charge-coupled-device (CCD) camera (Photometrics, Tucson, AZ), and Nikon NIS-Elements AR3.2 software. Most of the photography and videography were performed with a 100ϫ objective lens with an internal diaphragm (Nikon) under oil immersion.
In vitro growth rate measurements. The in vitro growth rates of the B. burgdorferi B31 derivative 5A18NP1 and its fliH and fliI mutants were determined in BSKII medium. Briefly, the B. burgdorferi strains were grown in BSKII medium supplemented with 6% (vol/vol) rabbit serum and the appropriate antibiotics at 34°C in 3% CO 2 . The concentrations of cultures were determined under dark-field microscopy examination. The spirochetes were then diluted, and the initial concentration of 5 tubes of cultures for each clone was adjusted to 10 4 cells per ml. We determined the concentrations of B. burgdorferi cultures over 11 days. A chain of stringlike fliH or fliI mutant cells was counted as one spirochete.
Swarm plate assay. The medium for the swarm plate assays was prepared by mixing 205.2 ml plating BSK (P-BSK) medium (63) with 10.2 ml of rabbit serum, prewarming the P-BSK-rabbit serum mixture at 50°C, and adding 25.7 ml of softened 1.7% agarose to 149.3 ml of the prewarmed mixture to make 0.25% agarose plates. After mixing, 35 ml of the mixture was transferred into 100-mm petri plates. The fliH and fliI mutants, their parental clone 5A18NP1, and the complemented clones were cultured directly from frozen stocks in BSKII medium to late log phase. The cells were harvested by centrifugation, the pellet was resuspended in phosphate-buffered saline (PBS), and the B. burgdorferi concentration was adjusted to 1 ϫ 10 9 cells/ml. Ten microliters of the suspensions (1 ϫ 10 7 organisms) was added in 2-mm punch wells in the plates. The plates were incubated at 37°C with 3% CO 2 for 3 to 5 days, and the diameter of the translucent "halo" was determined. Four replicate plates were used in each assay.
Protein profiles and Western blot analysis. SDS-PAGE with Coomassie brilliant blue staining and Western blot analysis of fliH and fliI mutants and their parental strain 5A18NP1 were performed as described previously (22) . Mouse monoclonal anti-FlaB antibody H9724 followed by a goat anti-mouse IgG-horseradish peroxidase conjugate and chemiluminescence reagents were utilized for immunostaining.
RT-PCR analysis of genes downstream of fliH and fliI. RNA was isolated from B. burgdorferi B31 parental clone 5A18NP1 and its fliH and fliI mutants in BSKII medium to mid-log phase using RNAprotect bacterial reagent and an RNeasy minikit (Qiagen, Valencia, CA, USA), as indicated above. The resulting RNA preparations were treated with the Turbo DNA-free kit (Ambion, Austin, TX) according to the manufacturer's recommendations to reduce possible contamination with genomic DNA. The RNA samples were then quantitated by UV spectroscopy and examined by agarose gel electrophoresis. Reverse transcription was performed at 50°C for 30 min using 200 ng of RNA and primers specific to fliH downstream genes fliI and fliJ (also called flbA) (see Table S2 ) by following the protocol of the Qiagen OneStep RT-PCR kit (Qiagen, Valencia, CA, USA). Subsequent PCRs were performed in volumes of 50 l containing 10 l of 5ϫ Qiagen OneStep RT-PCR buffer, 2 l of 10 mM each deoxynucleoside triphosphate (dNTPs), 3 l of 10 M primers, and 2 l of Qiagen OneStep RT-PCR enzyme mix. PCRs were performed in an Eppendorf Mastercycler thermocycler (Foster City, CA, United States), using the following conditions: 95°C for 2 min followed by 35 cycles of (i) denaturation at 94°C for 1 min, (ii) annealing at 52°C for 30 s, and (iii) extension at 72°C for 1 min and a final extension at 72°C for 10 min. Products were examined by agarose gel electrophoresis and ethidium bromide staining. Quantitative RT-PCR was carried out in triplicate using 10 ng samples of cDNA per reaction. Amplification was carried out using a C1000Touch/CFX96 real-time system (Bio-Rad, Hercules, CA), iQ SYBR green supermix (Bio-Rad), and primers specific for fliI, fliJ, flaB, and control gene BB0337 (enolase) (see Table S2 ). qPCR was performed as follows: 95°C for 3 min and 40 cycles of 95°C for 10 s followed by 60°C for 30 s. Standard curves were generated for each primer pair by diluting a known quantity of genomic DNA in a series of 10-fold serial dilutions. Threshold cycle values were plotted to determine quantities of each target. Melting curve analyses were performed to assess the presence of single products. Results were analyzed using CFX Manager software (Bio-Rad, Hercules, CA). Expression levels based on quantification cycle (C q ) values were normalized first to the corresponding BB0337 values and then to the 5A18NP1 parental control for each gene of interest.
Mouse infection studies. Infectivity of B. burgdorferi B31 clone 5A18NP1 and its fliH and fliI mutants was previously screened using a signature-tagged mutagenesis procedure and high-throughput semiquantitative Luminex FlexMap technology (22) . In this study, infectivity of the mutants and complemented clones was further examined by single clone inoculation. Briefly, the concentration of spirochetes was determined by dark-field microscopy, and groups of 6 mice were inoculated with 1 ϫ 10 5 organisms for each clone subcutaneously at the base of the tail as described previously (57) . Blood was collected for culture of organisms on day 7 postinoculation. Groups of 3 mice were sacrificed at days 14 and 28 postinoculation, and skin, ear, tibiotarsal joint, heart, and urinary bladder were collected. The tissue specimens were cultured in 2 ml BSKII medium containing kanamycin and gentamicin for fliH and fliI mutants and kanamycin, gentamicin, and streptomycin for complemented clones of fliH and fliI mutants. Cultures were examined by dark-field microscopy at 3-to 4-day intervals over a 3-week period for the presence of B. burgdorferi organisms.
Cryo-electron tomography and subvolume averaging. The B. burgdorferi B31 clone 5A18NP1, its fliH and fliI mutants, and their complementation clones were cultured directly from frozen stocks in BSKII medium to mid-log phase. Two milliliters of each B. burgdorferi culture was centrifuged at 5,000 ϫ g for 5 min, and the resulting pellet was rinsed 2 times with 1 ml PBS at 3,000 ϫ g for 1 min. The final pellet was resuspended in 30 l PBS. The specimens were mixed with 15-nm colloidal fiducial gold markers and then deposited onto freshly glow-discharged holey carbon grids. The grids were blotted with filter paper and then rapidly frozen in liquid ethane. Specimens were imaged at Ϫ170°C using a 300-kV Polara G2 electron microscope (FEI) with a field emission gun and a 16-megapixel CCD camera (TVIPS). Low-dose, single-axis tilt series were collected from to Ϫ64°to ϩ64°with an angular increment of 2°u sing the FEI batch tomography program. Three-dimensional flagellar motor models were constructed by collecting the tilt series from cell poles at 31,000ϫ and~8-m defocus with a cumulative dose of~100 e Ϫ /Å 2 distributed over 65 images. The effective pixel size was 5.7 Å after 2-by-2 binning. A total of 303 tomographic reconstructions were generated, and 1,626 flagellar motor subvolumes were extracted from fliH and fliI mutants and their complemented clones (see Table S1 in the supplemental material). The subvolumes (256 by 256 by 256 voxels) of the flagellar motors of each clone were aligned as previously described (11, 12) . The flagellar motor number in each cell tip was determined by collecting the tilt series at a lower magnification of ϫ9,400 and reconstructing a total of 45 cell tomograms from WT 5A18NP1, its fliH and fliI mutants, and their complemented clones (see Table S1 ). Tilt series were automatically aligned and reconstructed using a combination of IMOD (65) and RAPTOR (66) .
Cryo-electron microscopy. The morphology and flagellar length of the spirochete were examined by acquiring cryo-EM images with the Polara G2 electron microscope and a K2 summit (Gatan) direct detection camera. The field of view covers~3 m of cell length at a magnification of ϫ4,700 (pixel size,~8 Å). Four to seven images were montaged to build a whole-cell image. Dose fractionation mode was used to acquire twodimensional (2D) projection images. Each single image was split into 20 frames during acquisition. The stack of 20 frames were aligned and driftcorrected using xfalign (65) and then averaged to enhance the image quality. A total of 336 dose-fractionated projection images were acquired, and 60 whole cells were imaged.
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